genes, with particular attention to the sequences needed for proper regulation of gene expression. Some of these have been well-conserved during mammalian evolution and therefore are likely to provide a common function in many mammals. Others are only found in higher primates, and may play roles in lineage-specific regulation. We will first describe the structural characteristics of the human globin genes and then provide a comparative analysis of the genomic contexts, regulatory regions and evolutionary conservation of features present in the globin gene clusters.
NUMBER AND CHROMOSOMAL LOCALIZATION OF HUMAN GLOBIN

GENES
Hemoglobin is a heterotetramer that contains two polypeptide subunits related to the α-globin gene subfamily (referred to here as α-like globins) and two polypeptide subunits related to the β-globin gene subfamily (β-like globins). Globin polypeptides bind heme, which in turn allows the hemoglobin in erythrocytes to bind oxygen reversibly and transport it from the lungs to respiring tissues. In humans, as in all vertebrate species studied, different α-like and β-like globin chains are synthesized at Thus, the general arrangement of the globin genes that emerged from these various genetic analyses can be represented as illustrated in Figure 3 .1. It was also assumed, but unsupported by genetic evidence, that the embryonic α-like (ζ) and β-like (ε) globin genes were likely to be linked to the loci encoding their adult counterparts.
Chapter 3 The Normal Structure and Regulation of the Globin Gene Clusters 3 By using rodent-human somatic hybrid cells containing only one or a few human chromosomes, Deisseroth and colleagues (4, 5) clearly established that the human α-and β-globin genes resided on different chromosomes. The α-like globin genes are located on chromosome 16, whereas the β-like globin genes are on chromosome 11. The latter results were obtained by hybridizing a solution of total cellular DNA from the various somatic hybrid cells to radioactive cDNAs, synthesized from α-and β-globin mRNAs by reverse transcriptase. These results were later confirmed and extended by various groups using the gene mapping procedure of Southern blot analysis with DNA from various hybrid cell lines containing different translocations or deletions of the involved chromosomes.
These studies also localized the globin gene loci to specific regions on their respective chromosomes: the β-globin gene cluster to the short arm of chromosome 11, and the α-globin gene cluster to the short arm of chromosome 16 ( Figure 3 .1). These chromosomal assignments were further confirmed and refined by in situ hybridization of radioactive cloned globin gene probes to metaphase chromosomes and by fluorescencebased in situ hybridization (FISH). Thus, the β-globin gene cluster was assigned to 11p15.5 and the α-globin gene cluster to 16p13.3. Subsequent DNA sequencing of entire human chromosomes and alignment with maps of chromosome bands places the β-globin gene cluster in 11p15. 4 . The α-globin gene cluster is only about 150 kilobase pairs (kb) from the telomere of the short arm of chromosome 16.
GLOBIN GENE STRUCTURE: INTRONS AND THEIR REMOVAL
The coding region of each globin gene in humans and other vertebrates is interrupted at two positions by stretches of noncoding DNA called intervening sequences (IVSs) or introns (6) . In the β-like globin genes, the introns interrupt the sequence between codons 30 and 31 and between codons 104 and 105; in the α-globin gene family, the intervening sequences interrupt the coding sequence between codons 31 and 32 and between codons 99 and 100 ( Figure 3.2.A) . Although the precise codon position numbers at which the interruption occurs differ between the α-and β-like globin genes, the introns occur at precisely the same position in the aligned primary sequence of the α-
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The Normal Structure and Regulation of the Globin Gene Clusters 4 and β-globin chains. Thus, given the likely possibility that the α-and β-globin gene families originally evolved from a single ancestral globin gene (7), these gene sequences are homologous, and we infer that the presence of the introns at these positions predates the separation of α-globin and β-globin genes about 500 million years ago (in an ancestral jawed vertebrate). The first intervening sequence (IVS-1) is shorter than the second intervening sequence (IVS-2) in both α-and β-globin genes, but IVS-2 of the human β-globin gene is much larger than that of the α-globin gene (Figure 3.2 
.A).
The pattern of intron sizes of the ζ-like globin genes differs from that of the other α-like globin genes. Whereas the introns in the α and ψα genes are small, e.g. fewer than 150 base pairs (bp), those of the ζ and ψζ genes are larger (8) . Furthermore, the first introns of the ζ and ψζ genes are much larger than their second introns; in fact they are eight to ten times larger than the first introns of any other globin gene.
The presence of intervening sequences that interrupt the coding sequences of structural genes imposes a requirement for some cellular process to remove these sequences in the mature mRNA. As illustrated in Figure 3 .2.B, intervening sequences are transcribed into globin (and other) precursor mRNA molecules (9), but they are subsequently excised and the proper ends of the coding sequences joined to yield the mature mRNA (10) . This posttranscriptional processing of mRNA precursors to remove introns has been termed splicing. A crucial prerequisite for the proper splicing of globin (and other) precursor mRNA molecules is the presence of specific nucleotide sequences at the junctions between coding sequences (exons) and intervening sequences (introns).
Comparison of these sequences in many different genes has permitted the derivation of two different consensus sequences, which are almost universally found at the 5' (donor) and 3' (acceptor) splice sites of introns (11, 12) . The consensus sequences thus derived are shown in Figure 3 .2A, along with the consensus surrounding the branch point A involved in the initiation of splicing. The dinucleotides GT and AG shown in boldface, at the 5' and 3' ends, respectively, of the intron, are essentially invariant and are thought to be absolutely required for proper splicing. This is the so-called GT-AG rule. Rare examples have been described in which GC instead of GT is found at the donor splice site junction.
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The importance of these consensus sequences is underscored by the fact that mutations that either alter them or create similar consensus sequences at new sites in a globin gene can lead to abnormal processing of globin mRNA precursors; these constitute the molecular basis for many types of thalassemia (Chapters 13 and 16). Throughout this chapter we will refer to human mutations that affect some aspect of the pathway for gene expression. Readers desiring more information may want to use databases such as HbVar (http://www.bx.psu.edu) (13) or the Locus Variants track on the UCSC Genome Browser (http://genome.ucsc.edu) (14) to find positions, genotypes and phenotypes for the greater than 1000 known globin gene variants.
DETAILED CHROMOSOMAL ORGANIZATION OF THE HUMAN GLOBIN GENES
A precise picture of the chromosomal organization of the α-and β-like human globin gene clusters, with respect to the number of structural loci and intergenic distances, was obtained by a number of different techniques: (1) restriction endonuclease mapping of genomic DNA (e.g. 15, 16) using the gel blotting procedure of Southern (17) and, (2) gene isolation and sequencing using recombinant DNA technology (e.g., 18).
Sets of overlapping genomic DNA fragments spanning the entire α-and β-globin gene clusters were obtained by gene cloning, initially in bacteriophage λ and larger fragments in cosmid vectors. Detailed analysis of these recombinant DNA clones and complete DNA sequencing led to the determination of the gene organization illustrated in Figure   3 .3. Some results were expected, such as the finding of single δ-and β-globin gene loci and duplication of the α-and γ-globin gene loci. In addition, single loci for the embryonic ζ and ε globin chains were found linked to the α-and β-globin gene clusters, respectively. It is noteworthy that the genes in each cluster are in the same transcriptional orientation and are arranged, in a 5' to 3' direction, in the same order as their expression during development.
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The Normal Structure and Regulation of the Globin Gene Clusters 6 An unexpected finding was the presence in the globin gene clusters of additional gene-like structures with sequence homology and an exon-intron structure similar to the actively expressed globin genes. These DNA segments have been called pseudogenes (19) . One, called ψβ1, is in the β-like globin gene cluster between the γ-and δ-globin genes. At least two (and possibly four) are in the α-like globin gene cluster. The two clear examples are ψζ1 and ψα1, located between the active ζ-globin and α-globin genes ( Fig. 3.3 ). All three (ψβ1, ψζ1, and ψα1) are characterized by the presence of one or more mutations that render them incapable of encoding a functional globin chain. This inability to encode a functional globin polypeptide does not necessarily render the pseudogenes inactive for transcription. The pseudogene ψβ1 is transcribed and spliced, as shown by several spliced ESTs (expressed sequence tags), whereas no evidence has been provided that ψα1 is transcribed. These pseudogenes appear to have arisen by gene duplication events within the globin gene clusters followed by mutation and inactivation of the duplicated gene and subsequent accumulation of additional mutations through loss of selective pressure.
Two other α-like globin genes have been identified and characterized in the α-globin gene cluster, but their roles, if any, in encoding globin polypeptides are still uncertain. The θ-globin gene located to the 3' or C-terminal side of the duplicated α-globin genes (20) . It is more closely related to the α-globin genes than to the ζ-globin genes and is expressed at low levels in erythroid cells (21, 22) . Clear homologs to the θ-globin gene are found in the homologous position in other mammalian α-like globin gene clusters. The µ-globin gene is located just 3' of the ψζ1-globin pseudogene (23, 24) ; it was initially called ψα2 (25) but with more accurate sequencing it is clear that this gene does not contain mutations that would render it inactive. It is a distant relative, being equally divergent from both α-globin and ζ-globin genes. Its closest relatives are the α Dglobin genes, which are actively expressed in red cells of reptiles and birds (24, 26) .
DNA sequences similar to that of the human µ-globin gene are found in other mammals, but in some species, such as mouse, the sequence has diverged so much that no obvious gene structure is found. Thus the presence of the θ-globin gene is conserved in all mammals examined but the µ-globin gene has been lost in some but not all lineages. Both Chapter 3 The Normal Structure and Regulation of the Globin Gene Clusters 7 the θ-globin gene and the µ-globin gene are transcribed and spliced in erythroid cells, albeit at much lower levels than the α-globin gene. Curiously, no hemoglobin containing the θ-globin chain or the µ-globin chain has been identified, even by sensitive mass spectrometry (23) . Furthermore, the predicted structure (translated amino acid sequence) of the θ-globin chain suggests that it would be unlikely to function normally as a hemoglobin subunit (27) . Thus these genes remain a puzzle. They tend to be retained over mammalian evolution, hence indicating constraint for some function. They are expressed at the RNA level but do not appear to be translated into a polypeptide. Perhaps they or their RNA transcripts play some role that has yet to be discovered.
GENOMIC CONTEXT OF THE α-GLOBIN AND β-GLOBIN GENE CLUSTERS
The separation of α-and β-globin gene clusters to different chromosomes has allowed them to diverge into strikingly different genomic contexts, with paradoxical consequences for our understanding of their regulation. Given that all contemporary vertebrates have developmentally regulated hemoglobin genes encoding proteins used for oxygen transport in erythrocytes, it would have been reasonable to expect that the molecular mechanisms of globin gene regulation would be conserved in vertebrates.
Certainly, the coordinated and balanced expression of α-and β-globin genes to produce the heterotypic tetramer α 2 β 2 in erythrocytes should be a particularly easy aspect of regulation to explain. Because the two genes would have been identical after the initial duplication in the ancestral vertebrate, with identical regulatory elements, it is parsimonious to expect selection to keep the regulatory elements very similar.
However, much has changed between the α-and β-like globin gene clusters since their duplication. Not only are they now on separate chromosomes in birds and mammals, but in mammals they are in radically different genomic contexts (28) . A major determinant of the genomic environment is the G+C content. A G+C rich DNA segment has a high mole fraction of the nucleotides guanidylic acid (G) and cytidylic acid (C), whereas an A+T rich DNA segment has a high mole fraction of the nucleotides adenylic acid (A) and thymidylic acid (T). The G+C content for the human genome on average is Chapter 3 The Normal Structure and Regulation of the Globin Gene Clusters 8 low (about 41%) but some segments can be much lower or higher, ranging from 30% to 65% in 20kb windows (29) . Regions that are G+C rich tend to be enriched in genes, and those genes tend to be expressed in a broad range of tissues. They also tend to have islands with an abundance of the dinucleotide CpG (30) . This is in stark contrast to the bulk of the genome, which has very few CpGs because these are the sites for DNA methylation, and substitution of CpG to TpG or CpA is very rapid on an evolutionary timescale (as much as 10 times faster than the rates of other substitutions). The CpG islands are thus short regions (a few hundred bp) in which the CpG dinucleotides are not methylated; these have been associated with important functions such as promoters for transcription.
The β-globin gene clusters in humans and other mammals are A+T rich, with no CpG islands (31) , whereas the α-like globin gene clusters are highly G+C rich, with multiple CpG islands (32) . This correlates with several important differences in the structure and regulation of the two gene clusters. Tissue-specific gene expression of the β-like globin genes is correlated with an increased accessibility of the chromatin only in expressing cells (33) , and hence "opening" of a chromatin domain is a key step in activation of these genes. In contrast, the α-like globin genes, which are in constitutively open chromatin (28) . The β-globin gene cluster is subject to tissue-specific DNA methylation(34), but, in keeping with the presence of CpG islands, the α-globin gene cluster is not methylated in any cell types (35). The β-globin gene clusters are replicated early in S phase only in cells expressing them, whereas the human α-globin genes are replicated early in all cells (36-38). Thus the mammalian α-globin genes have several characteristics associated with constitutively expressed "housekeeping" genes. The strikingly different genomic contexts of the two gene clusters affect several aspects of DNA and chromatin metabolism, including timing of replication, extent of methylation, and the type of chromatin into which the loci are packaged. Rather than selecting for similarities to insure coordinate and balanced expression, the processes of evolution at these two loci have made them quite different. The full implications of these differences
may not yet be known. For instance, the two "healthy" genes with no known function in Despite these many differences between α-like and β-like globin gene clusters in mammals, the appropriate genes are still expressed coordinately between the two loci, resulting in balanced production of α-like and β-like globins needed for the synthesis of normal hemoglobins. The mechanisms that accomplish this task still elude our understanding.
One important aspect that is common to the genomic contexts of both gene clusters is the presence of distal strong enhancers. The discovery of these was aided by mapping of deletions that result in β-thalassemia or α-thalassemia, which are inherited deficiencies in the amount of β-globin or α-globin, respectively (see Chapters 13 and 16).
Some of these deletions removed distal sequences but retained all the globin genes, e.g. kilobase pairs (kb) away from the genes (distal). These will be examined in more detail in the next section.
EVOLUTIONARY INSIGHTS INTO REGULATION OF GLOBIN GENE CLUSTERS
Motivation
One avenue for improving the conditions of patients with hemoglobinopathies could involve regulation of expression of the globin genes. This hope is based on the normal human variation in phenotypes presented for a given mutant genotype. For Studies over the past three decades have revealed much about the regulation of the human globin genes. In this section, we will summarize some of the information about DNA sequences needed in cis (i.e. on the same chromosome) for regulation of the globin genes. Chapter 4 will cover the proteins interacting with these regulatory DNA sequences.
Common versus lineage-specific regulation
Comparison of noncoding genomic DNA sequences among related species is a powerful approach to identifying and better understanding cis-regulatory modules (CRMs). However, it is important to distinguish what is similar and what is distinctive about the patterns of regulated expression of the genes in the species being compared. If one is searching for CRMs that carry out a function common to most or all mammals, then conservation across all mammals and evidence of strong constraint in noncoding DNA will provide good candidates for further experimental tests (e.g. 45, 46, 47). Such constrained noncoding sequences can have within them short, almost invariant regions that frequently correspond to transcription factor binding sites. These have been called phylogenetic footprints (48). However, if one is studying a type of regulation that only Chapter 3 The Normal Structure and Regulation of the Globin Gene Clusters 12 occurs in higher primates, then searching for sequences conserved in other mammalian orders will be futile. Instead, the search should focus on sequences conserved in the species with a common mode of regulation but which differ from the homologous regions in species with a different regulation. These have been called differential phylogenetic footprints (49).
Regulatory features of globin genes common to many vertebrate species include tissue specificity and some aspects of developmental specificity. Expression of the α-like and β-like globin genes in all vertebrate species examined is restricted to the erythroid lineage. Thus some determinants of tissue specificity should be common to all these genes. One example is binding by the transcription factor GATA-1. As will be detailed in the following sections, either the promoter, enhancers or both for all globin genes have binding sites for GATA-1. Another feature common to all mammals is the expression of the ε-globin and ζ-globin genes exclusively in primitive erythroid cells, which are produced during embryonic life. Thus one might expect determinants of embryonic expression to be conserved in many species. Indeed, conservation of the upstream promoter regions of these genes in eutherian mammals is more extensive than is seen for other promoters in their globin gene clusters (50).
An example of lineage-specific regulation is the recruitment of the γ-globin genes for expression in fetal erythroid cells. In most eutherian mammals, the γ-globin genes are expressed in primitive erythroid cells, similar to the ε-globin gene, and the β-globin gene is expressed in definitive erythroid cells both during fetal and adult life. However, simian primates, including humans, express the γ-globin genes during fetal erythropoiesis, and the expression of the β-globin gene is delayed. The extent of delay varies in different primate clades, but in humans it is largely delayed until just before birth. Thus when examining interspecies alignments of the regulatory regions of the β-globin gene (HBB) and the γ-globin genes (HBG1 and HBG2), one will be seeing a combination of CRMs used in common (e.g. for adult erythroid expression of HBB) and in a lineage-specific manner (e.g. fetal expression of HBG1).
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Quantitative analysis of sequence alignments
Alignments of genomic DNA sequences reveal the segments that are similar between species, and often these reflect homology (descent from a common ancestor).
These sequence matches tend to have highest similarity in the protein-coding exons, but significant stretches of noncoding sequences also align between mammalian species (for globin gene complexes, see (51-53). Further analysis is required to discern which sequence matches simply reflect common ancestry (aligned neutral DNA) versus those in sequences that are under constraint (sequences with a common function) (54, 55).
Several bioinformatic tools have been developed to help interpret the alignments of multiple sequences. Results from two of these, each analyzing alignments of several mammals (human, chimpanzee, rhesus macaque, mouse, rat, dog, cow, and sometimes additional ones), are shown in Figure 3 globin genes suggests that they are active in these genes as well. Chapter 
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Although it is common to describe promoters recognized by RNA polymerase II by the motifs shown in Figure 3 .4.A, it is important to realize that this is true for only a minority of human genes. Globin gene promoters fall into the category of promoters with well-defined TATA boxes at a restricted location and one major start site for transcription. Recent studies show that these comprise a small minority of promoters, perhaps only 10 to 20%. Most promoters are CpG islands with no obvious TATA box, and in some cases they have a broad distribution of start sites (61) .
Upstream regulatory sequences
Adjacent to the basal promoter is the upstream regulatory region (58) Two motifs are found in many but not all promoters. One is the CACC box, which is bound by transcription factors in the Krüppel-like zinc finger class (KLF). The first erythroid KLF discovered was EKLF, which binds to the CACC box in the HBB promoter and is needed for erythropoiesis (64, 65) . The CACC boxes in globin promoters tend to be highly conserved in other mammals, albeit not as constrained as the CCAAT box ( Figure 5 The cis-elements close to the γ-globin genes are key determinants of fetal versus embryonic expression. One of the clearest demonstrations of this is from transgenic mouse experiments using a construct containing an LCR to enhance expression of globin genes. The γ-globin gene of prosimians, e.g. the bush-baby galago, is expressed embryonically, and when it is included in the test construct in transgenic mice, the transgene is also expressed embryonically. In contrast, a human γ-globin gene, normally expressed during fetal life in humans, is expressed fetally when transferred into transgenic mice in an otherwise identical construct (76) . Thus one would expect to find alterations in the regulatory regions of anthropoid (monkey, ape and humans γ-globin genes that are associated with this change in stage-specificity (i.e., sequences that are conserved in anthropoid primates but are different in prosimians and nonprimate mammals). Examination of aligned sequences for differential phylogenetic footprints (49) led to the identification of a stage selector element (SSE) in the human γ-globin gene promoter (Fig. 3.4.B) . The SSE is a binding site for a factor called the stage-selector protein, or SSP, which has been implicated in the differential expression of γ-and β-globin genes (77) . Additional DNA sequence that binds several proteins implicated in fetal silencing of the γ-globin gene (49). Parallel protein-binding and mutagenesis studies led to the discovery of a novel protein that binds to an element called the γPE the The differences in the arrays of proteins functioning at ε-, γ-, β-and α-globin genes indicate that a distinct battery of proteins functions in the promoter for each type of gene. Indeed, this is consistent with the observation that cis-acting sequences needed for stage-specific regulation of expression map close to the genes (80).
Proximal Enhancers
Enhancers are DNA sequences that increase the activity of promoters; they can be located on either side of a gene or internal to it, and they can act at considerable distances from genes (81) . Two enhancers have been found close to genes in the β-globin gene cluster, one that is 3' to HBB and one that is 3' to HBG1 (Figure 3.3.A) . In both cases the enhancers are less than 1 kb downstream of the polyA additional signal for the respective genes. The HBB enhancer was discovered by its effect on developmental timing of (74, (82) (83) (84) . The HBG1 enhancer was discovered as the only DNA segment in a 22kb region surrounding the γ-globin genes for DNA segments that boosted expression of a reporter gene driven by a γ-globin gene promoter in transfected erythroid cells (85) . Deletion of this enhancer from a large construct containing the human LCR and β-like globin genes had no effect on expression levels in transgenic mice (86) , which could mean that it actually has no function, or that other sequences compensate for its loss, or that its function is not apparent in mice.
Indeed, comparative sequence analysis of these proximal enhancers strongly supports the conclusion that both play roles in higher primates but not in other species.
As illustrated in Figure 3 .4.C, both enhancers contain binding sites for GATA-1 (87, 88) , and the HBG1 enhancer also binds to the γPE protein (75) . However, the DNA homologous to the HBB enhancer in other mammals is not strongly conserved, even in the GATA motifs. Furthermore, two of the GATA1-binding sites in the HBG1 enhancer were introduced via an LTR-type transposable element that is present only in higher primates (Figure 3.6.A) . Thus the presence of the HBG1 proximal enhancer correlates with the fetal recruitment of γ-globin gene expression in anthropoids, and its function may not be observed in transgenic mice. Likewise, the presence of GATA-1 bindings sites only in higher primates suggests that the function of the HBB proximal enhancer may also be lineage-specific, perhaps related to the delay in expression of HBB in higher primates. In this case, an effect on developmental timing is readily demonstrable in transgenic mice, but because of the differences in timing of HBB expression in humans (the source of the transgene) and mouse (the host species), it is difficult to fully understand this function.
Distal Enhancers
In addition to the proximal promoters and enhancers, both the α-like and β-like globin gene clusters are regulated by distal control regions. The β-like globin cluster is Regulatory activities in addition to tissue-specific enhancement have been attributed to the β-globin LCR, but they are not seen consistently in multiple lines of investigation (100) . Examination of chromatin structure after deletion of the LCR led to the inference that the LCR is needed for tissue-specific chromosomal domain opening We hope that the examples presented here will be helpful in guiding interpretation of the multitude of data available to the readers now and in the future. 
